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ABSTRACT

Confined to ultrathin two-dimensional (2D) architectures, high-entropy alloys (HEAs) could leverage synergistic cocktail
effects and entropy-stabilized phases to enable exceptional oxygen evolution reaction (OER) kinetics and stability via
maximized specific surface areas and quantum confinement. However, synthesizing atomically precise 2D HEAs remains
fundamentally challenging due to disparate metal nucleation kinetics. Herein, we demonstrate a facile low-temperature
(80 °C) ionic layer epitaxy synthesis of ultrathin 2D HEA FeCoNiMo. The OER catalytic activity exhibited a strong inverse
correlation with the 2D HEA thickness, where atomic-scale dimensional reduction significantly enhanced electrocatalytic
performance. Atomic-scale confinement to 1.1 nm thickness unlocks exceptional OER performance. This 1.1 nm 2D HEA
FeCoNiMo revealed a record-low overpotential of 79 mV at 10 mA-cm= and unprecedented stability (<10% activity decay
after 1532 h operation). Especially, its benchmark mass activity (9725.2 A-g™') represented three orders of magnitude
enhancement over IrO, (5.7 A-g™'") at the same overpotential of 79 mV. Density functional theory (DFT) reveals that
thickness reduction facilitates charge redistribution toward Fe active sites, optimizes the rate-determining step energy
barrier, and strengthens adsorbate-catalyst interactions. This work provides fundamental insights into 2D confinement
effects in HEAs and establishes a general strategy for designing highly efficient electrocatalysts for sustainable energy
applications.
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exceptional structural compatibility between Mo and the 3d
transition metals (Fe, Co, Ni), and (ii) the distinctive electronic
configuration of Mo's 4d orbital characterized by partial filling
states and robust electron-donating capability, which drives strong
orbital hybridization between Mo 4d and 3d orbitals of adjacent
Fe/Co/Ni atoms [16-18]. However, conventional bulk or
nanoparticle HEA often suffer from limited active site exposure,
inefficient mass/charge transfer, and morphological homogeneity,

1 Introduction

The oxygen evolution reaction (OER), a critical half-reaction for
sustainable energy technologies such as water electrolysis and
metal-air batteries, is severely hindered by its intrinsically sluggish
kinetics, high overpotential, and insufficient long-term stability of
electrocatalysts ~ [1-4].  Traditional —noble  metal-based
electrocatalysts (e.g., RuO,, IrO,) suffer from prohibitive costs and

scarcity, driving research toward non-precious alternatives [5-7].
High-entropy alloys (HEAs), characterized by their multi-
principal elemental compositions and entropy-driven phase
stability, have emerged as a promising class of OER
electrocatalysts due to their tunable electronic structures,
exceptional corrosion resistance, and synergistic "cocktail effects"
[8-15]. Among the diverse compositional systems of HEAs, the
quaternary FeCoNiMo HEA composed of non-noble metallic
elements (Fe, Co, Ni, and Mo) has demonstrated considerable
potential in electrocatalytic applications. This promising
performance originates from two critical factors: (i) the

which restrict their catalytic activity and practical scalability
[9, 19]. These challenges underscore the urgent need to engineer
HEAs electrocatalysts with optimized morphologies to unlock
their intrinsic catalytic potential.

The design of ultrathin two-dimensional (2D) HEAs
nanostructures represents a transformative strategy to address the
limitations of bulk and nanoparticle counterparts. Ultrathin 2D
materials with a thickness of only one or a few atomic layers (less
than 5 nm), inherently offer ultrahigh surface-to-volume ratios,
tully exposed active sites, and rapid electron transport pathways,
which are critical for enhancing OER kinetics [20-32]. Moreover,
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the atomic-level thickness of 2D HEAs enables pronounced lattice
distortions and entropy-stabilized interfaces, synergistically
optimizing adsorption energetics for reaction intermediates
[23,24]. Despite their promise, the controlled synthesis of 2D
HEAs with atomic-level thickness and well-defined interfaces
remains challenging owing to the distinct nucleation/growth
kinetics of varied compositional metals in HEAs. Traditional
methods, such as mechanical exfoliation or chemical vapor
deposition (CVD), often vyield irregular morphologies, non-
uniform elemental distributions, or phase segregation, particularly
for alloys with five or more components [24]. The existing novel
synthesis ~ methods of  two-dimensional  high-entropy
nanomaterials often require complex protocols and high synthesis
temperature (generally higher than 500 °C) or suffer from
structural instability during electrocatalysis [19,24-26]. Thus,
developing simple, robust and scalable synthesis routes capable of
atomic-level thickness control and elemental homogeneity is
critical for advancing 2D HEAs electrocatalysts.

A simple solution-based ion-layer epitaxy (ILE) method is
promising to be an innovative solution to overcome these
synthesis barriers. ILE leverages self-assembled surfactants at water-
air interface as templates to guide the growth of ultrathin two-
dimensional structures [27]. The ILE method fundamentally
circumvents the symmetry constraints of crystals growth and
induces pronounced anisotropic growth dynamics [27, 28]. This
mechanism significantly suppresses vertical stacking while
markedly promoting lateral expansion of crystals, thus enabling
the nucleation and epitaxial growth of ultrathin 2D architectures
with atomic-scale thickness [28,29]. Crucially, this approach
operates under exceptionally mild thermal conditions (ambient to
90 °C), requiring neither complex instrumentation nor energy-
intensive processes. Its paramount advantages reside in the precise
control over both thickness and crystal structure, achieving single-
unit-cell thickness uniformity and synthesizing large-area single-
crystalline domains [23, 30, 31].

Herein, we demonstrate the rational design of ultrathin 2D
HEA FeCoNiMo nanostructures via ILE methodology.
Remarkably enhanced OER electrocatalytic activity was achieved
upon thickness reduction of the 2D HEA FeCoNiMo nanofilm to
1.1 nm. The optimized 1.1-nm 2D HEA FeCoNiMo catalyst
demonstrated exceptional catalytic kinetics, exhibiting an ultralow
overpotential of 79 mV at 10 mA-cm?, a reduced Tafel slope of
30.5 mV-dec’, and minimal charge transfer resistance (8.2 Q).
Particularly noteworthy are its record-breaking mass activity
(97252 A-g") and turnover frequency (1.94 s') at an overpotential
of 79 mV, enabled by the atomic-scale thickness. This mass
activity surpasses that of commercial IrO, benchmarks by three
orders of magnitude. The ultrathin 2D HEA electrocatalyst further
exhibits unprecedented operational durability, maintaining 90%
initial activity after 1532 hours of continuous operation under
chronoamperometric testing conditions. Density functional theory
(DFT) theoretical simulations further reveal that the thickness
reduction of ultrathin 2D HEA promoted the charge
redistribution of different metal active sites, optimized the energy
barrier of OER rate-limiting step (*OOH->O,), and thereby
enhanced the catalytic activity. This work establishes 2D HEA
nanostructures as a materials design paradigm for sustainable
energy conversion systems.

2 Experimental

2.1 Materials
Molybdic Acid (H,Mo00,, 99.00%), nickel chloride hexahydrate
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(NiCL-6H,0, 99.00%), cobalt chloride hexahydrate (CoCl,-6H,0,
99.00%) ferrous chloride tetrahydrate (FeCl,-4H,O, 99.00%),
formaldehyde (CH,O), stearic acid (SA, 99.00%), oleylamine
(OAM, 99.00%), hydrochloric acid (HClL, 0.01 molL"),
dichloromethane (CHCl,, 99.50%), sodium hydroxide (KOH,
99.99%) and Iridium oxide (IrO,, 99.95%) were purchased from
Shanghai Titan Scientific Co., Ltd and directly used without any
purification. The deionized water with the resistivity of 18.25 MQ
cm was purified with a water ultrapure cation system.

2.2 Synthesis
FeCoNiMo

The ionic layer epitaxy (ILE) method was employed to synthesize
the ultrathin 2D high-entropy alloy (HEA) FeCoNiMo. In a
typical process, 10 mL aqueous solution containing 1.5 mM
H,Mo0,, 1.5 mM NiCl, 1.5 mM CoCl, 1.5 mM FeCl, and 1.2 L
of CH,O, was prepared in a 15 mL glass vial as the precursor
solution. The as-prepared precursor solution was then left
standing in the air for 20 min. After that, 10 uL dichloromethane
solution of mixed surfactants containing (~0.7 vol.%) stearic acid
(SA) solution and (~0.3 vol.%) oleylamine (OAM) solution, was
spread on the water surface. The SA solution had a concentration
of 1.8 mol-L". The OAM solution had a concentration of 1.8 mol-L"
and mixed with hydrochloric acid to a concentration of
0.01 mol-L". This two-layer solution was exposed in atmosphere
for 10 min to allow the dichloromethane to evaporate.
Subsequently, the glass vial was capped and carefully transferred in
the convection oven at the temperature of 80 °C. The ultrathin
1.1-nm-thick 2D HEA FeCoNiMo were synthesized after the
reaction time of 120 min. The as-synthesized 1.1 nm 2D HEA
FeCoNiMo at water-air interface were transferred onto the surface
of the substrates by directly scooping using the substrates, and
then dried naturally in air for further characterization. SiO,-coated
Si substrates were employed for scanning electron microscope
(SEM) and AFM characterization. 50 nm thick Au-coated Si
substrates and holy carbon grids were used for X-ray
photoelectron  spectroscopy ~ (XPS)  characterization —and
transmission electron microscopy (TEM) characterization,
respectively. The fluorine-doped tin oxide (FTO) glass substrates
were used for electrocatalytic OER measurement. For comparison,
the control samples of thicker 3.3 nm 2D HEA FeCoNiMo and
4.6 nm 2D HEA FeCoNiMo were also prepared by the same ILE
process where the reaction time was increased to 60 °C and 80 °C,
respectively.

of wultrathin 2D high-entropy alloy

2.3 Material characterizations

Sample morphology was characterized using a Zeiss EVO 18 field-
emission scanning electron microscope. AFM topography
mapping was conducted on a Bruker Dimension Icon system. To
minimize tip-convolution artifacts, height profiles were extracted
exclusively across sharp step edges where vertical dimensions were
accurately represented. XPS analysis employed a wltra-DLD XPS
instrument. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive X-
ray spectroscopy (EDS) elemental mapping were performed using
a probe Cs-corrected FEI Titan Themis TEM operated at 200 kV.
Crystal structure analysis utilized an FEI TF30 transmission
electron microscope at 300 kV.

24 Electrochemical testing
OER catalytic performance of ultrathin 2D HEA FeCoNiMo and
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control samples was evaluated using a CHI660E electrochemical
workstation with a standard three-electrode configuration.
Measurements employed N,-saturated 1 M KOH electrolyte (pH
136 + 0.1), with 2D HEA catalyst-coated FTO substrates
(geometric area: 0.5 cm’) serving as working electrodes. A
saturated Ag/AgCl reference electrode and platinum foil counter
electrode completed the circuit. Polarization curves were acquired
at 5 mV-s" under continuous oxygen evolution. Electrochemical
impedance spectroscopy (EIS) measurements spanned 100 kHz to
1 Hz (AC amplitude: 5 mV) at open-circuit potential. The
uncompensated resistance (Ru) was determined by EIS at the
open-circuit potential, with the high-frequency intercept on the
real axis of the Nyquist plot yielding a value of Ru (Table S1 in the
Electronic Supplementary Material (ESM)). All polarization curves
presented in this work were iR-corrected, where i represents the
measured current. Long-term stability was assessed via
chronoamperometry at fixed overpotential. All potentials were
referenced to the reversible hydrogen electrode (RHE) scale. TOF
was calculated using the equation: TOF=(jxA)/(4xFxn), where j
(mA-cm?) is the current density at a given overpotential, A is the
working electrode surface area, F is the Faraday constant
(96,500 C-mol™), and n (mol) is the moles number of the active
materials. The equation mass activity=j/m was calculated to mass
activity, where m (mg-cm?) is the mass loading of the working
electrode and j (mA-cm™) is the measured current density at given
potential. For 1.1, 3.3, and 4.6 nm thick 2D HEA samples, the
mass loadings per unit geometric area were quantified by a
combined DFT-experimental approach: volume = area X
thickness, density = DFT-optimized (8.15 g-cm™), yielding 0.90,
2.69, and 3.75 pg-cm?, respectively. These values were consistently
used for all mass-normalized activity comparisons. All
electrochemical measurements, including those for the reference
IrO, catalyst, were conducted under strictly identical conditions,
including the same electrolyte, scan rate, temperature, and
electrode configuration. The same mass loading of both 1.1 nm
2D HEA and commercial IrO, was precisely controlled.

2.5 DFT calculations

All density functional theory calculations were performed by
Vienna ab initio simulation package (VASP). The Perdew-Burke-
Ernzerhof (PBE) functional was employed to treat the exchange-
correlation interactions. The plane-wave basis set with a kinetic
energy cutoff of 400 eV, the energy convergence criterion of
10* eV, the force convergence criterion of 0.05 eV-A", and a
(2x2x1) Monkhorst-Pack k-point sampling was employed for
structure relaxation. A sufficiently large vacuum gap (> 12 A) was
employed to prevent the interaction between neighboring periodic
structures. H, and H,O were calculated in boxes of 20 Ax20 Ax
20 A with the gamma point only. The free energy diagrams for
OER were calculated with reference to the computational
hydrogen electrode. Spin-polarized calculations were employed
throughout our DFT simulations. Given the metallic nature of our
2D HEA, no Hubbard U correction was applied, as standard PBE
functional adequately describes the delocalized electronic states in
transition metal alloys. The free energy of gas phase and adsorbed
species can be obtained from the following equation:

AG = AEpr + AZPE — TAS

where AEppr was the electronic energy difference. AZPE and TAS
was the change in the zero-point energy and entropy.

3 Results and discussion

3.1 Synthesis of ultrathin 2D HEA FeCoNiMo

The ultrathin 2D HEA FeCoNiMo was fabricated via an
innovative ILE approach at the water-air interface mediated by a
binary surfactants monolayer consisting of stearic acid (SA) and
oleylamine (OAM), as schematically illustrated in Fig.1(a)
(complete synthetic protocols were detailed in Experimental
details). The aqueous precursor solution comprised an equimolar
mixture (1.5 mM each) of H,MoO,, NiCl,, CoCl,, FeCl, and a
trace amount of CH,O, maintained at a weakly acidic pH. Under
weakly acidic conditions, SA underwent partial deprotonation to
form negatively charged carboxylate headgroups, while OAM was
protonated to generate positively charged ammonium
headgroups. These complementary surfactants spontaneously self-
assembled into a highly ordered mixed monolayer through
electrostatic complementarity and hydrophobic interactions. This
engineered interface created spatially distinct electrostatic
domains: anionic MoO,> species were preferentially adsorbed at
OAM-rich cationic regions, while divalent transition metal cations
(Fe*, Co*, Ni**) accumulated at SA-dominated anionic domains,
forming a metastable ionic confinement layer with sub-nanometer
thickness. This spatial preorganization effectively reduced the
diftusion length to atomic scale, suppressing elemental segregation
during nucleation. The subsequent CH,O-mediated reduction at
80 °C triggered simultaneous nucleation of all four metal species
within the confined template, while the high configurational
entropy further thermodynamically disfavored phase separation
by lowering the Gibbs free energy of the mixed solid solution
relative to segregated phases. This synthesis process resulted in the
epitaxial growth of crystalline HEA nanostructures within the 2D
confined region. Furthermore, this ILE system underscored the
critical importance of dual-surfactant strategy, which achieved
both spatial confinement and kinetic control, enabling the
formation of a uniform single-phase alloy at the atomic scale.
While the use of single surfactants or improper reductants led to
severe phase segregation and inhomogeneous morphologies in
other high-entropy systems [32].

3.2 Morphological and structural characterization

The morphological characteristics of the as-synthesized ultrathin
2D HEA FeCoNiMo were systematically investigated through
scanning electron microscopy (SEM). Figure 1(b) presents a
representative low-magnification SEM micrograph of 2D HEA
nanostructure on a SiO,-coated Si substrate, revealing a
continuous nanofilm architecture with lateral dimensions
exceeding 4000 pum. Notably, the nanofilm exhibited a smooth,
defect-free surface morphology devoid of observable wrinkles or
overlapping features. Higher-resolution SEM examination (inset,
Fig. 1(b)) demonstrated homogeneous contrast distribution across
the entire specimen, indicative of uniform thickness throughout
2D HEA structure. Complementary AFM topographic analysis
(Fig. 1(c)) corroborated the thickness uniformity, revealing an
ultrathin profile of approximately 1.1 nm (Fig. 1(d)). Quantitative
surface roughness evaluation demonstrated exceptional planarity,
with a roughness value of merely 0.05 nm, confirming the atomic-
level flatness of the synthesized 2D HEA. Through controlled
extension of the ionic layer epitaxy (ILE) reaction duration, we
successfully engineered 2D HEA FeCoNiMo nanostructures with
larger thickness. As demonstrated in Figs. S1 and S2 in the ESM,
these thicker 2D HEA maintained comparable morphological
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Figure1 ILE synthesis process, morphological and structural characterization of 1.1-nm-thick ultrathin 2D HEA MoNiCoFe. (a) ILE synthesis process; (b) Low-
magnification SEM image, inset is high-magnification SEM image; (c) AFM topography image; (d) Height profile along the red dashed line in corresponding AFM

image; (e) Low-magnification TEM image; (f) SAED; (g) HRTEM image.

characteristics of continuous nanofilms while exhibiting
progressive thickness increments to 3.3 nm and 4.6 nm,
respectively. This thickness tunability highlights the precision of
the ILE methodology in fabricating dimensionally controlled 2D
HEAs.

The crystal structure of the ultrathin 2D HEA FeCoNiMo was
rigorously analyzed via transmission electron microscopy (TEM).
Low-magnification =~ TEM  imaging  (Fig 1(e))  revealed
homogeneous contrast distribution across the entire specimen,
corroborating the thickness uniformity previously established by
AFM and SEM analyses. Corresponding selected-area electron
diffraction (SAED) characterization (Fig. 1(f)) demonstrated a
periodic array of sharp diffraction spots, unambiguously
confirming the single-crystalline nature of the 2D HEA.
Quantitative analysis of the diffraction pattern revealed interplanar
spacings corresponding to the (200) and (111) crystallographic
planes of a fcc solid solution structure aligned along the [110] zone
axis [31-34]. High-resolution TEM (HRTEM) image (Fig. 1(g))
resolved atomic-scale lattice fringes with a measured d-spacing of
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0.23 nm, corresponding to the (111) planes. This value exhibited
close correspondence with both the SAED-derived lattice
parameters and theoretical predictions for a rock-salt
configuration. The combined structural evidence including SAED
symmetry, HRTEM lattice resolution, and interplanar spacing
consistency, definitively established that the quaternary Mo-Fe-Co-
Ni system adopted a single-phase disordered fcc solid solution
structure without detectable secondary phases or compositional
segregation. TEM images of 3.3-nm-thick and 4.6-nm-thick
ultrathin 2D HEA FeCoNiMo were presented in Figs. S3 and S4
in the ESM, and the results revealed they exhibited same single-
crystal rock-salt crystal structure.

3.3 Elemental characterization

XPS was employed to probe the elemental composition and
oxidation states of the 1.1-nm-thick ultrathin 2D HEA
FeCoNiMo. High-resolution spectra (Figs. 2(a)-2(d)) revealed
characteristic signatures of metallic constituents [16]. Fe 2p
exhibited principal peaks at 708.8 eV (2ps),) and 7224 eV (2p,s,)
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Figure2 Elemental characterization. (a) Fe 2p XPS spectra, (b) Co 2p XPS spectra, (c) Ni 2p XPS spectra and (d) Mo 3d XPS spectra of 1.1-nm-thick 2D HEA
MoNiCoFe, 3.3-nm-thick 2D HEA MoNiCoFe and 4.6-nm-thick 2D HEA MoNiCoFe. STEM-EDX elemental mapping of (e) Fe, (f) Ni, (g) Co and (h) Mo. Inset in

(e) is the HAADF-STEM image.

with satellite features at 718.5 eV and 732.3 eV, consistent with Fe".
Co 2p displayed core-level emissions at 778.9 eV (2p;,) and
7947 eV (2p,,) accompanied by satellites at 7864 eV and
803.8 eV, indicative of Co". Ni 2p spectra deconvoluted into spin-
orbit components at 853.1 eV (2ps,) and 870.1 eV (2p,,) with
characteristic satellites, confirming Ni’. Mo 3d manifested as a
doublet at 227.5 eV (3ds/,) and 230.2 eV (3ds,), corresponding to
Mo". These analyses collectively verified the predominant metallic
character of all constituent elements. Notably, progressive
thickness reduction from 4.6 nm to 3.3 nm and 1.1 nm induced
systematic binding energy displacements. Fe 2p shifted to lower
energies (electron enrichment), while Co 2p, Ni 2p, and Mo 3d
migrated to higher energies (electron deficiency). This reciprocal
energy shift profile suggests charge transfer from Co/Ni/Mo
to Fe atoms, implying synergistic electronic interactions
potentially beneficial for OER electrocatalysis. Quantitative XPS
analysis (Table 1) established near-equimolar stoichiometry
(Fey25C0024Nig25M0y ) across all thickness variants (1.1-4.6 nm).
Spatially resolved STEM-EDS elemental mapping (Figs. 2(e)-2(h),
and Figs. S5 and S6 in the ESM) further confirmed homogeneous
distribution of all metallic constituents without detectable phase
segregation in ultrathin 2D HEA FeCoNiMo. Although the
configurational entropy for our equimolar FeCoNiMo system was
calculated as 1.39R, the "high-entropy" concept has been widely
extended to this four-component equimolar systems that exhibit
entropy-stabilized single-phase solid solutions and severe lattice

distortion, characteristics that were fully consistent with these
observations. To further verify that phase stability was indeed
entropy-driven rather than enthalpy-driven, the mixing enthalpy
of the FeCoNiMo system was calculated using Miedema's model,
yielding a near-zero positive value, suggesting that the phase
formation is not governed by strong exothermic interatomic
interactions. Furthermore, the single-phase fcc solid solution
structure confirmed by SAED, combined with the uniform
elemental distribution from EDS mapping, supports entropy-
driven phase stabilization.

34 Electrocatalytic OER performance

The OER electrocatalytic performance of ultrathin 2D HEA
FeCoNiMo on fluorine-doped tin oxide (FTO) substrates was
systematically evaluated in 1 M KOH electrolyte. To exclude
contributions from the FTO substrate, we performed blank
control experiments under identical conditions using bare FTO,
which exhibited negligible OER activity (Fig.S7 in the ESM).
Linear sweep voltammetry measurements (Fig. 3(a)) revealed that
the 1.1 nm 2D HEA delivered exceptional catalytic activity,
requiring merely 79 mV overpotential to achieve 10 mA-cm?
current density (Fig.S8 in the ESM). Comparative analysis
demonstrated a distinct thickness-dependent activity trend.
Thicker 2D HEA exhibited higher overpotential of 126 and 237
mV for 3.3 nm and 4.6 nm 2D HEA, respectively. Remarkably, the
ultrathin (1.1 nm) HEA outperformed commercial IrO,

Table1 Chemical composition of ultrathin 2D HEA FeCoNiMo by XPS quantification analysis

Fe (wt.%) Co (wt.%) Ni (wt.%) Mo (wt.%) C (wt.%) Atom ratio of Fe/Co/Ni/Mo
1.1 nm 4.6 4.7 4.8 8.1 77.8 0.25:0.24:0.25:0.26
33nm 5.9 5.5 5.5 9.5 73.6 0.27:0.24:0.24:0.25
4.6 nm 45 4.2 4.6 7.5 79.2 0.26:0.23:0.25:0.26

https:/www.sciopen.com | https:/mc03.manuscriptcentral.com/nre | Nano Research Energy


https://www.sciopen.com
https://mc03.manuscriptcentral.com/nre

Nano Research Energy 2026, 5: €9120246

a 3 b) 04 c
( )NAIOO $—0-1.1 nm 2D HEA (b) —o— 1.1nm 2D HEA (© 40|—o— 1.1nm 2D HEA
5 80 § —-33nmm2DHEA 03, 3.3 nm 2D HEA —o— 3.3 nm 2D HEA
< —~>-46nm2DHEA| S U~ ]—o— 4.6 nm 2D HEA —o— 4.6 nm 2D HEA
E 60 = —— 10, 301
z T 02/ 67.9 mV-dec™ a —o— IO,
z 40 = < 201
; 20 ; 4 mvd 43.6 mV-dec™ tT]
5 | 524mV-dec?
E 0.1 Mj 10
© =20+ T T T T 30.5 mV-dec™ \
00 01 02 03 04 05 00— 01 : . . ‘
1 vs. RHE (V) - l_(J( A ) 0 20 40 60 80
g(J (mA-cm™ 7'
(d) 10000 @
(g) 700 .
B FeCoNiPdWP
~ 8000+ r B PtRuFeCoNiZn-Ce/C
oo B HEAS5RuP
<6000 600 - B CrMnFeCoNi
? ' B (Cry,Mny,Feg,Cog,Nig )30,
z 4000 —- 1.1 nm 2D HEA ° B (CoNiCuMnAl)/C
2 =9~ 3.3nm 2D HEA 500 - B CoFeGaNiZn
2 2000 ~3- 4.6 nm 2D HEA S ® (FeCoNi)y(FeCr)-LDH
= ) —a- 110, £ ® FeCoNiMo
1 . . | : 400 ®  Nig54C0g,53Cug 54F €0 15Cro14
0.0 0.2 0.4 0.6 = u ® H-FeCoNiMnW
y vs. RHE (V) 5 - = ® FeCoNiCuPd
() 10 2 300 - s o NCoreoma
8 S 2 4 A ©® AINiCoRuMoCrFeTi
§o-1.1nm 20 HEA & n @ o A LiMoFeCoNi HEH
~ 6] & o33 nm 2D HEA 200 ° A A Fe ,Ni,,Cr;(Coss_Mn /CNT
‘a J —5-4.6nm 2D HEA ] A Pty Fe,Ni, CuyMogRu
B 44 ° A FcCoNiMnMo,
&, 100 ~ N A FeCoNilrRu/CNF;
A FeCoNiMnCu
0 % FeCoNiMo @ CoMnNi
} . : | 0 1 " 1 " 1 " 1 1
0.0 0.2 0.4 0.6 0 50 100 150 200 250
#vs. RHE (V) Tafel slope (mV-dec™
(f) 035 (h) pe ¢ )
—o— 1.1 nm 2D HEA = ~ 60
0301 4 33mm20HEA P £
~ 0.25{—o— 4.6nm 2D HEA ;400_ £ 40
£ 0.20 £ 300 e
< g 1 B
£ 015 2 200 £,
> 0.104 < | 0 5 10 15 20
2 100 Time (h)
0.05 M = | B |
Qo
0.00-—= . . . : . 0 : : : : .
10 20 30 40 50 60 0 300 600 900 1200 1500
Scan rate (mV-s™) Time (h)

Figure 3 Electrocatalytic OER performance comparison of 1.1-nm-thick 2D HEA MoNiCoFe, 3.3-nm-thick 2D HEA MoNiCoFe, 4.6-nm-thick 2D HEA MoNiCoFe
and commercial IrO, powders. (a) OER polarization curves; (b) Tafel plots; (c) Nyquist plots; (d) Mass activity determined from current density as a function of #; (e)
TOF determined from j as a function of #; (f) Half current density differences (Aj/2) plots against scan rates; (g) OER performance comparison of 1.1-nm-thick 2D
HEA MoNiCoFe and recently reported electrocatalysts; (h) Time-dependent current density curves of 1.1-nm-thick 2D HEA MoNiCoFe, and commercial IrO,

powders (inset).

benchmark catalysts (343 mV) by 264 mV at equivalent current
density. This superior performance establishes a new activity
paradigm among non-precious OER electrocatalysts and
underscores the critical advantage of atomic-level thickness in 2D
HEA electrocatalysts.

Tafel analysis was systematically conducted to evaluate the
electrocatalytic kinetics of ultrathin 2D HEA FeCoNiMo across
varying thicknesses, with benchmark comparisons to commercial
IrO,. As depicted in Fig. 3(b), the 1.1 nm 2D HEA exhibited a
remarkably low Tafel slope of 30.5 mV-dec”, significantly lower
than thicker counterparts (43.6 mV-dec' for 3.3 nm; 524
mV-dec' for 4.6 nm). This exceptional kinetic parameter
substantiallyoutperformedhéenchmarkrOgatalys{67.9mV-dec" by
37.4 mV-dec”. The observed inverse correlation between nanofilm
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thickness and Tafel slope indicates exponentially enhanced charge
transfer kinetics at atomic-scale dimensions.

Electrochemical impedance spectroscopy (EIS) was employed
to quantify charge-transfer resistance (R,) and elucidate its
contribution to the enhanced OER kinetics in ultrathin 2D HEA
FeCoNiMo. Nyquist plots (Fig.3(c)) revealed a substantially
diminished semicircular arc for the 1.1 nm HEA compared to
thicker analogues. Quantitative analysis yielded a remarkably low
R value of 8.2 Q) for the ultrathin 1.1 nm variant, approximately
2.1-fold and 3.9-fold lower than 3.3 nm (17.5 Q) and 4.6 nm
(32.3 Q) counterparts, respectively. This low R, (8.2 Q) also
represented a 9.1-fold reduction relative to the commercial IrO,
benchmark (74.6 Q). The precipitous decrease in R, was primarily
attributed to geometrically minimized charge-transfer pathways
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resulting from atomic-level ultrasmall thickness [35,36]. Such
dimensional reduction facilitates near-barrierless electron
tunneling between catalytic active sites and conductive substrate,
effectively approaching the kinetic overpotential limit for proton-
coupled electron transfer.

The atomic-level thickness in ultrathin 2D architectures
fundamentally maximizes electrochemically active site density. As
quantified in Fig. 3(d), the 1.1 nm 2D HEA FeCoNiMo delivered
an exceptional mass activity of 97252 A-g' at # = 79 mV,
exceeding thicker analogues by 19.3 times (3.3 nm: 502.5 A-g")
and 227.3 times (4.6 nm: 42.8 A-g™). This represents a 1706-fold
enhancement over commercial IrO, (5.7 A-g') at equivalent
overpotential. When the overpotential was increased to 300 mV,
the mass activity of 1.1 nm 2D HEA catalyst reached as high as
1,120,000 A-g’, which is approximately 131,764 times that of
commercial IrO, (8.5 A-g") measured under identical conditions.
Such extraordinary activity metrics underscore the structural
superiority of atomic-thin geometries, where minimized mass
loading synergizes with near-unity active site accessibility. These
collective  advantages position ultrathin 2D HEAs as
technologically relevant catalysts for industrial-scale electrolysis
systems.

Turnover frequency (TOF), quantifying oxygen molecules
generated per active metal site per second, serves as a fundamental
metric for intrinsic OER activity. As shown in Fig 3(e), the
ultrathin (1.1 nm) 2D HEA FeCoNiMo achieved a remarkable
TOF of 1.94 s at 4 = 79 mV, representing 22.0-fold, 215.6-fold,
and 1141.2-fold enhancements over its 3.3 nm (0.088 s™)
counterpart, 4.6 nm (0.009 s™) counterpart, and commercial IrO,
(0.0017 s™), respectively. This exceptional catalytic efficiency stems
from ultrathin 2D morphological advantages. The concurrent
maximization of mass activity and TOF validated that the
ultrathin 2D HEA could minimize critical metal consumption
while deliver premium OER performance.

Electrochemical surface areas (ECSAs) were quantitatively
evaluated through electric double-layer capacitance (Cg)
measurements derived from cyclic voltammetry (Fig.S9 in the
ESM). As established in Fig. 3(f), ultrathin 1.1 nm 2D HEA
FeCoNiMo demonstrated superior Cy (4.76 mF-cm™), exceeding
3.3 nm (3.64 mF-cm?) and 4.6 nm (0.91 mF-cm™) counterparts by
30.8% and 423.1%, respectively. This pronounced capacitance
enhancement signified a substantial increase in electrochemically
accessible active sites upon ultrathin thickness reduction. Atomic-
scale confinement further facilitated surface electron density
modulation, yielding optimized adsorption energetics critical for
electrocatalytic processes. Moreover, the ECSA-normalized LSV
curves were presented in Fig.S10 in the ESM to reflect the
intrinsic activity of the 2D HEA electrocatalysts. Consistent with
the geometric-area-normalized polarization curves (Fig. 3(a)), the
ECSA-normalized LSV curves also demonstrated the superior
catalytic performance of 1.1 nm 2D HEA and, more importantly,
reveal the same trend that reducing the film thickness from
3.3 nm to 1.1 nm led to a significant enhancement in activity. This
consistency confirmed that the thickness-dependent activity
originated from the intrinsic electronic modulation of the
ultrathin 2D morphology rather than from roughness artifacts,
and highlights the advantage of the ultrahigh specific surface area
of the 2D HEA for efficient OER electrocatalysis.

To benchmark the catalytic superiority of ultrathin 2D HEA
FeCoNiMo oxygen evolution catalysts, we conducted a
comparative analysis of overpotential at 10 mA-cm” and Tafel
slope against state-of-art high-entropy systems as well as

representative ternary multi-principal-element systems [37-56].
As evidenced in Fig.4(g), the 1.1 nm 2D HEA occupies the
bottom-left corner, demonstrating simultaneously the lowest
overpotential and most favorable Tafel kinetics among all
evaluated catalysts. This dual-parameter dominance establishes
unprecedented catalytic efficiency relative to nanostructured HEA
analogues, including particulate architectures and alternative
morphological configurations.

The ultrathin 2D HEA FeCoNiMo demonstrated exceptional
electrochemical stability under operating conditions. As evidenced
by chronoamperometric analysis (Fig. 4(h)), the 1.1 nm 2D HEA
catalyst retained 90% of its initial current density after 1532 hours
of continuous OER operation at 100 mA-cm™. This stability was
corroborated by minimal activity decay in post-stability
polarization curves (Fig.S11 in the ESM) and the absence of
noticeable morphological changes after the stability test (Fig. S12
in the ESM). In stark contrast, commercial IrO, suffered 10%
current loss after merely 24 hours at 10 mA-.cm” Such
unprecedented durability, exceeding IrO, by a 63.8-fold lifetime
enhancement, might be attributed to the high-entropy stability
effect within the ultrathin 2D nanostructure. High-entropy-
induced electronic structure modulation could suppress metal
dissolution, while atomic-scale confinement preventing lattice
distortion and phase segregation. The post-OER characterization
using XPS and HRTEM were also performed on the ultrathin 2D
HEA FeCoNiMo after long-term stability testing. Both XPS (Fig.
S13 in the ESM) and HRTEM (Fig. S14 in the ESM) results
consistently demonstrated that ultrathin 2D HEA retained
metallic without significant reconstruction into oxyhydroxides or
other oxidized phases. While HRTEM image further confirmed
the retained single-crystalline structure without observable phase
segregation, amorphous/poly-crystalline layers, nanoparticle
formation. XPS quantification analysis (Table S2 in the ESM)
revealed that the Mn/Fe/Co/Ni molar ratios of the 2D HEA
remained nearly identical before and after the stability test,
implying that no significant dissolution of the metal species
occurred during the stability test. These results further verified
excellent chemical and structural stability of ultrathin 2D HEA
MoNiCoFe in long-time OER operation. This surprising stability
was attributed to several factors. First, the ILE synthesis yielded a
continuous, atomic-scale-thick nanosheet with a highly uniform
elemental distribution, minimizing compositional segregation that
typically drives reconstruction. Second, the high configurational
entropy combined with the ultrathin geometry may reduce the
thermodynamic driving force for phase separation and oxide
formation, as the system achieved a kinetically stabilized metallic
state. Third, the strong structural integrity of the 2D metallic
framework enabled efficient electron transfer while maintaining
the pristine alloy surface, obviating the need for reconstruction-
induced activation. Therefore, the catalytic activity was primarily
attributed to the metallic surface sites, where the high
configurational entropy and ultrathin 2D geometry suppress
reconstruction.

3.5 DFT calculations

DFT calculations elucidated the enhanced intrinsic OER activity of
ultrathin 1.1 nm 2D HEA FeCoNiMo. HRTEM image (Fig. 1(g))
and corresponding SAED pattern (Fig. 1(f)) consistently
demonstrate that the ultrathin 2D HEA is single-crystalline and
predominantly exposes the (110) facet, as evidenced by the lattice
fringes with an interplanar spacing of 0.22 nm corresponding to
the (110) plane when viewed along the [110] zone axis. Consistent
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with TEM analysis, the predominant (110) facet was modeled to
investigate OER thermodynamics via the four-electron pathway
(Fig. 4(a)). Gibbs free energy landscapes were computed for eight
distinct active sites (Site 1-Site 8, Fig. S15 in the ESM), tracking
intermediates *OH->*O->*OOH-0, formation energetics [31, 57],
where * stands for active sites in the exposed (110) facet. The rate-
determining step (rds) was identified as the maximum AG in the
reaction coordinate [58]. For the Co sites (Site 2 and Site 5), Ni
sites (Site 1) and Mo (Site 6 and Site 8) of 2D HEA FeCoNiMo,
the AG in step 3 (AG;) was larger than those of step 1, step 2 and
step 4. While the AG in step 4 (AG,) for Fe sites (Site 3, Site 4 and
Site 7) of 2D HEA FeCoNiMo was larger than those of step 1, step
2 and step 3. Furthermore, Fe sites at Site 3 presented the smallest
AG, value (1.35 eV) among all the Fe, Co, Ni and Mo sites (Sites
1-8), indicating the formation of O, from *OOH in step 4 served
as rate-determining step for 2D HEA FeCoNiMo. Importantly, all
the AG, for Fe sites (1.35 eV for Site 3, 1.39 eV for Site 4 and
1.48 €V for Site 7) was lower than the values for Co (1.65 €V for
Site 2 and 1.53 eV for Site 5), Ni (1.71 eV for Site 1) and Mo
(1.75 eV for Site 6 and 1.62 eV for Site 8), suggesting that Fe atoms
acted as the optimal active center aligns with XPS-derived charge
redistribution evidence. As a comparison, the Gibbs free energy of
thicker 3.3 nm 2D HEA FeCoNiMo was also calculated based on
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the four-step OER mechanism (Fig. S16 in the ESM). With the
thickness increasing to 3.3 nm, the formation of O, from *OOH
in step 4 still served as rate-determining step for 2D HEA
FeCoNiMo, as Fe sites at Site 3 also presented the smallest AG,
value (1.57 eV) among all the metal sites (Fig. 4(b)). Furthermore,
the AG, value (1.35 eV) for Fe sites in the 1.1 nm 2D HEA
FeCoNiMo was much lower than AG, value for Fe sites in the
thicker 3.3 nm 2D HEA. This result indicated that the reduction of
thickness of ultrathin 2D HEA nanostructure optimized the rate-
limiting step, which contributed to the significantly reduced OER
overpotential of 2D HEA FeCoNiMo compared to thicker 2D
HEA. The enhanced OER activity observed for the 1.1 nm slab
may arise predominantly from surface under-coordination and
modified electronic states near the surface, rather than from
quantum confinement.

DFT calculations further probed the electronic structure origins
of enhanced catalytic properties in ultrathin 1.1 nm 2D HEA
FeCoNiMo. The total density of states (TDOS, Fig. 4(c)) revealed
metallic character of 2D HEA FeCoNiMo with zero bandgap,
evidenced by Fermi-level intersection of valence and conduction
bands. This computational prediction of high electrical
conductivity was consistent with experimental EIS measurements
showing minimal charge-transfer resistance. Projected density of
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Figure4 DFT calculation. Gibbs free energy diagram for the four steps of OER on surface active sites 1-8 in (a) 1.1-nm-thick 2D HEA FeCoNiMo and (b) 3.3-nm-
thick 2D HEA FeCoNiMo, DOS curves of (c) 1.1-nm-thick 2D HEA FeCoNiMo and (d) 3.3-nm-thick 2D HEA FeCoNiMo. (e) and (f) Charge density difference
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states (PDOS) analysis quantified d-band center positions for
surface metal sites-a key descriptor of adsorbate binding strength
[52]. As shown in Figs. 4(c) and 4(d), d-band center values for Fe,
Co, Ni, and Mo sites exhibited significant positive shifts relative to
thicker 3.3 nm counterparts. This systematic upshift indicates
strengthened catalyst-adsorbate interactions at atomic-scale
dimensions. The differential charge density plots in Figs. 4(e) and
4(f) represented differences between the 1.1 nm and 3.3 nm 2D
HEA FeCoNiMo slabs. These comparative plots provided useful
qualitative insights into thickness-induced electronic modulation,
as the yellow regions reflect electron density variations upon
reducing slab thickness. The thickness-dependent electronic
modulation in our 2D HEA is reflected not only by the DFT-
calculated density of states, but also experimentally corroborated
by the XPS binding energy shifts (Figs. 2(a)-2(d)), which reveal a
charge redistribution from Co/Ni/Mo to Fe upon reducing the
slab thickness. The resultant enhanced electron density at Fe active
sites facilitates optimized orbital overlap with OER intermediates,
thermodynamically manifested through reduced reaction barriers.
In the ultrathin 2D HEA, the unique electronic modulation
induced by thickness reduction may weaken the *OOH-*OH
scaling via altered adsorption geometries and ensemble effects,
and the exceptionally low experimental overpotential likely
originated from synergistic entropy-stabilized surface effects and
thickness-induced electronic modulation beyond the conventional
scaling relations.

4 Conclusion

In summary, we demonstrate a facile solution-phase ILE approach
for synthesizing ultrathin 2D HEA FeCoNiMo at mild
temperatures (80 °C). Atomic-scale confinement to 1.1 nm
thickness unlocks exceptional OER performance, achieving
ultralow overpotential (4 = 79 mV@10 mA-cm?), favorable Tafel
kinetics (30.5 mV-dec") and minimal charge-transfer resistance
(82 Q). The 1.1 nm 2D HEA delivered exceptional mass activity
(97252 A-g™) and turnover frequency (1.94 s™) at # = 79 mV. This
mass activity represented 3 orders of magnitude enhancement
over commercial IrO, (5.7 A-g') at equivalent overpotential,
establishing unprecedented efficiency among non-precious OER
catalysts. The 2D HEA maintained 90% current retention after
1532 hours of continuous operation at 100 mA-cm™ This
unprecedented durability may attribute to high-entropy
stabilization within atomically confined 2D architectures. DFT
calculations analysis revealed that thickness reduction optimized
rate-determining  step energetics and facilitated charge
redistribution toward Fe active sites, as well as enhanced
intermediates-active sites interaction, thus improving the OER
catalytic activity. This work establishes ultrathin 2D HEA as a
materials design paradigm for maximizing atom efficiency while
minimizing critical metal usage. The synergistic integration of
entropy stabilization and atomic-level 2D nanostructure positions
these ultrathin 2D HEA as technologically viable catalysts for
sustainable energy conversion systems.
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